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ABSTRAKT 
Tato práce se zabývá studiem akumulátorů, zejména lithium-iontových, principy jejich funkce 
a zejména studiem katodových materiálů pro lithium-iontové akumulátory. Tyto materiály by 
měly umožnit vývoj akumulátorů se značně vyšším jmenovitým napětím. Cílem práce je 
seznámení se s problematikou a shrnutí dosavadního vývoje na poli vysokonapěťových 
lithiových akumulátorů. 
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ABSTRACT 
This bachelor thesis deals with accumulators, studies their function and focuses on cathode 
materials for lithium-ion accumulators in particular. These materials should enable the 
development of accumulators with significantly higher nominal voltage. The aim of this thesis 
is to address problems connected with these accumulators and to summarize the development 
of high-voltage lithium-ion accumulators. 
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Introduction 
We use a variety of energy sources nowadays; however, the development 
should continue even though some people may feel satisfied with what they have. 
Mankind has witnessed the rapid development of electrical machines and electronics 
in the recent century and this development seems to continue also in the future. 
The portability and miniaturization of electrically powered equipment belong to 
the most noticeable changes. The portability means the possibility to take an 
electrically powered device wherever we want and use it without the access to an 
electrical grid. 
Mobile phones or smartphones are probably the first products anybody will 
imagine when he/she can hear the word “portability”. They play an important role in 
a modern society as well as laptops, tablets or 2-in-1 devices. People want to stay 
online. And everybody wants his/her device battery to last as long as possible. 
However, not only electronics is portable. We can find a wide range of portable 
electrical tools used by construction workers as well as some hobbyists to perform 
tasks which would be more difficult to do with only hand-powered tools. Nowadays, 
with the recent developments of accumulators, many of these tools are battery-
powered. Unfortunately, the batteries often do not last long enough and there is the 
need to have more battery packs to work without interruptions. 
Transportation is another important area where the development of better 
accumulators causes significant changes. We can see cars powered solely by 
electricity as well as some hybrid cars using the combination of a classical internal 
combustion engine and an electric motor. Although this area is still somehow 
problematic, the development in this field can be expected with a focus on the need 
for better accumulators. 
These were just a few examples why there is the need for accumulators which 
can last longer and deliver higher power in a variety of situations. High-voltage 
lithium accumulators provide, as seen from their name, higher operational voltage 
than currently used types. As their energy density is higher, they could be the answer 
to our needs. These accumulators and possible developments in their electrode 
materials, particularly cathode materials, are the subject of this work. 
  
- 5 - 
 
1. Accumulators 
Among the energy sources for portable usage, accumulators are the fastest 
developing technology and they should be always considered when deciding about 
an energy source for any application. An accumulator is in fact a rechargeable battery 
meaning the accumulator can be repeatedly discharged, then charged and used 
again. This makes accumulators more economical and they are also more 
environmentally friendly than for example dry cells. It makes accumulators a 
remarkable energy source for applications where it is not suitable or convenient to 
use the classical electrical grid with cables. 
There are different types of accumulators developed throughout the history 
between which we can choose a suitable one for our particular application. Even 
quite old principles still have their use nowadays. 
1.1  History 
Batteries were the first sources of electricity; they were invented before electric 
generators. At the beginning, primary cells were used; batteries which are just for 
one use and cannot be recharged. (The term battery generally refers to a set of 
elements; in this text, it is used in the meaning of electrochemical cells, another 
example could be an artillery battery.) These primary cells are still produced in their 
improved forms and they contain some chemicals which react with each other up to 
the point when all chemicals are consumed. The cell must be replaced after that and 
the only way how to deal with a drained battery is to recycle it. Alessandro Volta is 
considered to be the inventor of the first battery; around the year 1800. 
The first accumulators used were lead acid accumulators invented in the 19th 
century (Gaston Planté, 1859) [8]. The principle of these accumulators is still used in 
today´s car batteries. However, their weight is their big disadvantage. 
There were some other principles invented throughout the history, for example 
Ni-Zn cells but they were not widely used. 
A frequently used type of the battery was (and still is) the Ni-Cd type, invented 
at the beginning of the 20th century (Waldmar Jungner, 1901). [8] These batteries 
were widely used up to recent years when their capacity was no longer sufficient and 
a newer battery, Ni-MH, took their position. Ni-MH is also an alkaline battery, like  
Ni-Cd, but it uses other chemical compounds which result in much higher energy 
density. They have been on the market approximately since the year 1990. 
The last significant type of accumulators is a lithium based type, commercially 
introduced by Sony in 1991 [8], with the newest type, Lithium-polymer. This work 
focuses on these accumulators and they will be discussed in greater detail later. 
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1.2  Different principles of accumulators 
Each type of accumulators used nowadays has its advantages and disadvantages. 
Therefore different types are used for various applications. Some applications 
demand high reliability, some are not very important but it is comfortable to have 
higher capacity. The designers of a new battery powered device/tool have to think 
about an appropriate battery type during the design process. A brief list of nowadays 
widely used technologies follows: 
1.2.1 Lead-acid (Pb) accumulators 
Nominal voltage of a Pb cell is 2 V; capacities vary up to thousands of Ah. This 
technology uses a lead anode, a lead dioxide cathode with sulphuric acid as an 
electrolyte and lead sulfate as the product of reaction. Lead acid accumulators can 
deliver high currents, e.g. for the electric starters in cars. They are often constructed 
as “wet” cells with the electrolyte in a liquid form and electrodes immersed in it. A 
typical Pb battery consists of 3 or 6 cells (6 or 12 V nominal voltage). They are also 
used in various uninterruptible power sources for IT. 
1.2.2 Nickel cadmium (Ni-Cd) accumulators  
Ni-Cd use nickel and cadmium electrodes and potassium hydroxide as an 
electrolyte. They were widely used for their reliability, ability to work at low 
temperatures and ability to deliver high currents. Their nominal voltage is 1.2 V 
which is close to 1.5 V – the voltage of primary alkaline cells widely used. However, 
the energy density does not satisfy the needs of nowadays devices. Also there is a 
concern about the toxicity of cadmium in the old batteries. Therefore there is a 
decrease in the production of Ni-Cd accumulators and other types of batteries are 
developed. 
1.2.3 Nickel metal hydride (Ni-MH) accumulators 
Ni-MH batteries are a further step in the development of alkaline accumulators 
after Ni-Cd. The only difference is the metal alloy used for a negative electrode. This 
metal alloy causes the capacity (thus energy density) of Ni-MH cells related to both 
weight and volume being significantly higher than that of Ni-Cd. On the other hand, 
their parameters in temperatures below 0 °C are not good enough and their lifetime 
and self-discharge rate are also worse than of Ni-Cd. 
Chemical reactions in an Ni-Xx cell: 
Discharging:   Xx + 2NiO(OH) + 2H2O → Xx(OH)2 + 2Ni(OH)2 
Negative electrode:  Xx + 2OH− → xx(OH)2 + 2e
− 
Positive electrode:  2NiO(OH) + 2H2O + 2e
− → 2Ni(OH)2 + 2OH
− 
Where Xx stands for Cd or metal-hydride alloy. These reactions are reversed during 
charging. [1]  
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1.2.4 Lithium-ion (li-ion) accumulators  
There are both primary and secondary lithium batteries. Widely used primary 
lithium batteries use MnO2 as an electrode material and their nominal voltage is 3 V. 
The technology was developed mainly for medical purposes as the performance 
provided by these batteries is sufficient for devices with low current drain and long 
functional periods. 
The main topic of this work is, however, the development of secondary lithium 
cells - Li-ion accumulators. They have a nominal voltage of 3.6-3.7 V per cell. As they 
use the intercalation principle rather than a chemical reaction, they work differently 
than the above mentioned types. There are no chemical changes of the electrodes or 
the electrolyte, the ions just move from one electrode to another. A more detailed 
description of these accumulators follows in the next chapter. 
 
Figure 1: The graph of mass and volume energy densities of several 
secondary cells [11]  
The comparison of different accumulator types is in Figure 1. We can see lithium 
based accumulators are the best in both volume and mass energy density. 
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2. Lithium based accumulators 
Nowadays, lithium based (or lithium-ion) accumulators are the most used type 
of accumulators in many portable devices. They are used in laptop computers, cell 
phones and other similar devices. They can be further divided into Li-ion and Li-pol. 
There is a polymer used to store the electrolyte in the latter. They are lightweight as 
their energy density is high both because of voltage and capacity. The high voltage 
(3.7 or 3.6 V nominal) is caused by the high reduction potential of lithium. Li-Pol 
batteries can be made in different shapes which are suitable or appropriate for 
variable devices because of the polymer sheet containing an electrolyte. 
2.1  Principle and main parts 
The principle of Li-ion accumulators is based on the interchange of ions. This 
process is called intercalation and the materials are intercalation materials. It can be 
seen in the following picture: 
 
Figure 2: Li-ion cell function principle [3] 
We can see the movement of Li+ ions inside the accumulator with the 
electrochemical equations and also the electrical circuit in Figure 2. There are crystal 
lattices in the electrodes between which the lithium ions can be incorporated and 
held until the next cycle. There are no chemical changes of the electrodes or the 
electrolyte. The electrolyte serves just as an ion conductor between the electrodes. 
In modern batteries the electrolyte is in a polymer sheet, hence the name Li-Pol 
(Lithium-polymer). Therefore the batteries can work regardless their position (in fact, 
no “upside down” is possible) and can be shaped to fit onto various devices. Not only 
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simple rectangular design is possible but also some more complicated patterns 
including circular design. There is actually no metal lithium contained in these 
accumulators, which means higher safety. 
The actual physical assembly of the cell can be as in the next picture: 
 
Figure 3: Lithium-Polymer cell [2] 
Figure 3 is an intersection through the Li-pol cell showing the structure from 
outside layers to the electrolyte. 
[19] 
2.2  Advantages and disadvantages 
The lithium-ion technology has some important advantages compared to Pb or 
Ni-Xx accumulators. One advantage is their high energy density related to both 
volume and weight. It is mainly achieved by the high voltage, which is the reason why 
lithium is used in these accumulators. Another advantage is the ability to be charged 
when they are only partially discharged, which is a difference against Ni-Xx. They can 
be charged in a relatively short time, 1 C charge rate is a standard. (1 C represents a 
current equal to the capacity of a battery. i.e. 1 C for 1500 mAh battery is 1500 mA, 
meaning it will be charged in approximately one hour.) 
A disadvantage frequently mentioned is safety as these accumulators can burn 
and even explode if handled incorrectly. Also their performance at low temperatures 
is not excellent. 
2.3  High voltage Li-ion accumulators 
One of the problems which were always associated with accumulators in general 
is their low voltage. For powering a more demanding application, there is always the 
need to stack more cells together to obtain a higher voltage. Conventional Li-ion 
accumulators are charged to 4.2 V maximum and their nominal voltage is 3.6-3.7 V. 
There have been attempts to produce an accumulator with higher voltage lately. Its 
charging voltage should be around 5 V and voltage during discharging over 4.5 V. It 
means even higher energy density and lowered number of cells for high energy 
demanding applications.  
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3. Materials for electrodes of Li-ion 
accumulators 
There are different materials used for the electrodes of Li-ion cells, some are 
used from the beginning of the usage of lithium cells, some are new and still in an 
experiment phase of development. 
3.1 Currently used materials 
Nowadays, the most widely used cathode materials for lithium-ion accumulators 
are based on LiCoO2, LiFePO4 or LiMnO4. 
3.1.1 LiCoO2 
Most of commercial lithium-ion cells have positive electrodes of cobalt oxide 
LiCoO2 because it is easy to produce. It was also the first material used in consumer 
lithium-ion batteries introduced in 1991 by Sony. [8] The first lithium-ion batteries 
had sloping discharge curve which allowed estimating the state of charge by voltage. 
“Current lithium-ion batteries mainly consist of LiCoO2 and graphite with engineering 
improvements to produce an energy density of over 500 Wh/dm−3.” [9] The capacity 
of lithium-ion cells was improved from about 350 Wh/dm-3 in 2000 to more than 500 
Wh/dm-3 nowadays. It is also owing to charging to 4.2 V instead of 4.1 V in the past. 
Their discharging curve has a very flat plateau which is highly suitable for the 
performance but it is not possible to say how many percent of capacity are left in the 
battery. LiC6 is the product of a reaction on an anode with lithium and it is much safer 
than metal lithium as there is no risk of dendritic growth. The disadvantages of 
LiCoO2 are that the capacity of LiCoO2 is lower than that of the other materials and 
the reserves of cobalt in the world are limited. An example of charge/discharge 
curves of a cell with this material is given in Figure 4. 
 
Figure 4: Charge and discharge curves of (a) Li/LiCoO2 and (b) Li/graphite cells. 
The combination of LiCoO2 and graphite gives a lithium-ion battery. [9] 
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3.1.2 LiFePO4 
LiFePO4 is a remarkable material; it is very stable, cheap and capable of 
delivering high currents. However, it has a lower voltage of approx. 3.3 V nominal. 
Therefore the energy density is lower. [6] The specific capacity is about 170 mAh/g, 
however, to reach this value, the material has to be coated with a thin layer of 
carbon. The electrochemical properties are then significantly improved. 
 
Figure 5: (a) LiCoO2 – layered structure, (b) LiMn2O4 – spinel structure, (c) 
LiFePO4 – olivine structure [17] 
Different structures of cathode materials are shown in Figure 5. 
3.1.3 LiMn2O4 
This material has a number of advantages. It is not very toxical, environmentally 
friendly and the electrochemical properties are good. The energy density, voltage 
and operational temperatures range are better compared with LiCoO2. It is also 
cheap to produce. But the high decrease of capacity during cycling and storage are a 
big disadvantage. We can see a comparison of all the “classical” cathode materials 
and a new one in Figure 6: A comparison of cathode materials for lithium based 
accumulators [10]Figure 6. It is visible that the new material has higher voltage than 
all the others and the capacity is comparable with them, except of the LiFePO4, which 
voltage is significantly lower. 
 
Figure 6: A comparison of cathode materials for lithium based accumulators [10] 
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3.2  Possible materials for new accumulators 
A few new materials seem to be promising for future accumulators. The most 
important is LiNi0.5Mn1.5O4 and some modifications of this one.  
3.2.1 LiNi0.5Mn1.5O4 
The LiNi0.5Mn1.5O4 material is the basic material considered for high voltage 
lithium based cells. It is one of the most promising materials due to its high operation 
voltage close to 4.7 V. It is based on the LiMn2O4 material which is often used in 
standard lithium cells. High voltage cells are often named “5 V” cells because of their 
charging voltage reaching 5.0 V. Mn in the LiNi0.5Mn1.5O4 material remains in the +4 
oxidation state and thus there are fewer complications during cycling. The theoretical 
capacity of this material is 146.7 mAh/g. The energy density is 700 Wh/kg that is 
around 30 % more than LiFePO4. The cathode material LiNi0.5Mn1.5O4 reports the high 
voltage properties with respect to several oxidation steps of manganese cation 
where Mn3+ oxidizes to Mn4+ at 4 V vs Li and subsequently Ni2+ is oxidized to Ni3+ at 
the voltage range of 4.7 – 4.8 V vs Li until it reaches the Ni4+ [4]. This material, 
however, has a big disadvantage and that is the decrease of capacity during cycling. It 
is especially noticeable while operating at higher temperatures. This could be solved 
by doping by the material with other elements and Cr seems to be a good possibility. 
Chromium is added to this material to form LiCr0.1Ni0.4Mn1.5O4 modification to reach 
higher stability. [7] [10] [16] 
3.2.2 Other possibilities 
There are also some efforts to use various coatings to enhance the properties of 
this material. Mainly metal oxides are used to form thin layers on the surface of 
LiNi0.5Mn1.5O4 which protect the material against the negative influence of the 
electrolyte used and some other factors (i.e. higher temperatures). [18] 
Another material could be Li2MSiO4 compounds where M=Mn, Co, Ni or Fe. 
However, there should be done a significant amount of scientific work to bring these 
materials to commercial use because their advantages are now rather theoretical and 
there are issues to be solved first. [20]  
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4. Measuring and experimental methods 
Different measuring methods are used to measure the properties of 
accumulators. Some methods are suitable for testing just materials, as cyclic 
voltammetry, some are only for testing the whole assembly, as galvanostatic cycling. 
This chapter also describes equipment used for an experimental part. 
4.1  Measuring methods 
4.1.1 Cyclic voltammetry 
This method is a common electrochemical measuring method of analyzing 
various materials used in batteries and accumulators. When using this method, we 
connect both electrodes in an electrolyte to a voltage source and the voltage is then 
linearly changed. The speed of the change (which can be adjusted according to the 
needs of the experiment) is called scan rate. A starting point and an end point are 
usually identical; therefore a cycle is created, thus the name cyclic voltammetry. The 
result is a curve (voltammogram) showing the dependence of current on voltage. An 
example of a voltammogram is shown below in Figure 7. 
 
Figure 7: An example of a voltammogram [5] 
Cyclic voltammetry can be used to determine potentials at which chemical 
changes in the sample occur. At these potentials, we can see characteristic peaks of 
current in a voltammogram. 
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4.1.2  Galvanostatic cycling 
Galvanostatic cycling is used to test mainly assembled cells. It is basically simple 
charging and discharging by a stable current where the voltage is measured. Here we 
can obtain the parameters of the system such as capacity or voltage during load. The 
load is often stated in “C” which means the value of current in Amperes equal to the 
nominal capacity of the cell in Amperhours. This method is suitable for both 
experiments and tests during manufacturing. The result is a time-voltage chart. 
4.1.3 Scanning electron microscopy - SEM 
Secondary electron detectors used in electron microscopy can be used to 
determine not only the structure of the surface but they can also provide the 
information about the material. Images from SEM are usually provided in a greyscale 
where the same levels of grey mean the same material. If we know the materials of 
the sample we can distinguish which areas are made of which material. When we do 
not know the materials, another analysis is needed. 
4.1.4 Energy dispersive X-ray spectroscopy – EDS, EDX 
This method is used to determine chemical composition of a sample. It is often 
included in an electron microscope. The principle of this method is the fact that each 
chemical element, after an impact of electrons, emits x-rays of a characteristic 
wavelength. The amount of each element can be determined by detection of these  
x-rays and the charge delivered by each wavelength. However, this method indicates 
only chemical elements, i.e. chemical compounds are not determined as compounds, 
only as the respective amounts of elements. 
4.2 Equipment used 
Various equipment from the laboratories of the Department of Electrical and 
Electronic Technology was used to prepare the samples of cathode materials. 
4.2.1 Ball mill Fritsch Pulverisette 0 
“The FRITSCH Vibratory Micro Mill PULVERISETTE 0 grinds the sample through 
impact and friction by which the mortar vibrates electromagnetically and the 
grinding material transfers the vibrations to the grinding ball.” [12] The ball mill is 
used to crush down bigger particles in fine dust. It can also be used to create 
homogenous mixtures, emulsions or pastes. The process itself is done by a massive 
metal ball in a metal mortar. The amplitude of vibrations can be easily adjusted. We 
can see the used mill in Figure 8. 
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Figure 8: Ball mill Fritsch Pulverisette 0 
4.2.2 High temperature annealing oven LAC 
We can see an annealing oven in Figure 9. This oven is capable to reach 
temperatures up to 750 °C. It is used for annealing the samples. A sequence of steps 
can be programmed on the thermoregulator. Also the rate of heating/cooling can be 
adjusted. Annealing is useful when we want to get rid of other compounds in a 
mixture. 
 
Figure 9: Annealing oven LAC 
- 16 - 
 
4.2.3 Glove box Jacomex 
A glove box is an airtight space which is filled with special atmosphere. In our 
case, this inert atmosphere consists of argon with the amount of oxygen and water 
kept on minimal levels. The operator can work with samples and equipment inside 
the box by placing their hands into special gloves, which can be seen on the right in 
Figure 10Figure 10: Glove box Jacomex. Samples and other needed items can be 
inserted into or taken out of the box by an airlock (in the middle of the picture). The 
atmosphere is constantly monitored. 
 
Figure 10: Glove box Jacomex 
4.2.4 Electrochemical test cell ECC-STD 
ECC is a standard test cell for testing samples in a two-electrode form. The most 
typical application is the measuring of the characteristics of a cathode and an anode 
related to a metal lithium electrode. This cell can be used for cyclic voltammetry, 
galvanostatic measuring and also for lifetime tests. A schematic drawing of the cell is 
in Figure 11. 
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Figure 11: ECC-STD cell [13] 
The diameter of the cell is 18 mm and, as we can see in Figure 11, all the parts 
which are in contact with the electrolyte are made of either stainless steel or PEEK 
(polyether-ether-keton). [13]  
4.2.5 Potentiostat BioLogic VMP3 
A potentiostat is a highly versatile measuring device which can be used for the 
measuring of electrochemical properties of materials, the measuring of corrosion, 
power supplies, sensors and others. VMP3 can have up to 16 independent measuring 
channels and it is programmed and controlled remotely by a computer connected 
either by a USB or Ethernet cable. Controlling computer program allows setting up 
various measuring procedures including many steps with different settings. The used 
potentiostat, as well as the measuring place can be seen in Figure 12. There are 
numerous connection cables for the individual canals of the device in the right part of 
the picture. 
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Figure 12: Potentiostat VMP3 
Potentiostats are widely used in electrochemistry as they can be used for 
different tasks. Furthermore, the ability to update firmware opens further 
possibilities of use in the future. 
 
 
Photos at the SEM were taken and measurements at it were done by Ing. Pavel 
Čudek at the laboratories of the Department of Electrical and Electronic Technology. 
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5. Experiments and results 
This chapter contains the description of materials preparations for the 
experiments which were carried out on them in order to test the possibilities of using 
elements for doping the basic material and thus improving properties of lithium 
batteries. The chapter also includes the results of these experiments. 
5.1 Sample preparation 
It was decided to experiment with the LiNi0.5Mn1.5O4 material doped with 
scandium. This material could be more stable than the basic LiNi0.5Mn1.5O4 material. 
There comparison between the doped and pure material is the main subject of this 
chapter. 
 The samples were prepared by the method of reaction in solid state. Precursors 
based on carbonates and oxides were chosen as basic materials for the production. 
Li2CO3 (Lithium(II) carbonate), MnCO3 (Manganese carbonate), NiO (Nickel oxide) and 
Sc2O3 (Scandium(III) oxide) were chosen in this case; these materials were mixed in a 
stechiometric ratio of 0.02 mol/l. Preparation by annealing was done in two steps. 
Precursors were milled together for 4h for the first step of the process. In the first 
annealing step, the resultant mixture was annealed at 600 °C for 10h. The second 
step was annealing at 900 °C for 15h. [14] After this synthesis, a material with face-
centered spinel structure was obtained. The resulting chemical compound is 
LiSc0,05Ni0,45Mn1,5O4. These materials are also known as disordered materials. The 
prepared material was then mixed into a mixture consisting of NMP (N-Methyl-2-
pyrrolidon) (solvent), PVDF (Polyvinylidenfluorid) (binder) and carbon Super P. The 
weight ratio of the materials was the following: 80 % of active material, 10 % of Super 
P and 10 % of PVDF. The resulting mixture was subsequently deposited on an 
aluminium foil, dried and pressed by the pressure of 3200 kg/cm2.  A disk with a 
diameter of 18 mm was cut out of the coated aluminium foil and inserted into the 
electrochemical test cell ECC-STD. The assembly was done in the glove box filled with 
argon atmosphere. Metal lithium was used as a material for the anode and the 
electrolyte was soaked in a glass fibre separator. 1.5 M LiPF6 EC:DMC 1:2 w/w, was 
used as the electrolyte. [15] 
The sample with LiSc0,05Ni0,45Mn1,5O4 will be also mentioned as scandium doped 
material in the text. 
The “pure” or “non-doped” material is the LiNi0,5Mn1,5O4 material. 
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5.2 Results from electron scanning microscope 
Electron scanning microscopy (ESM) was used to take pictures of the physical 
structure of the samples. The resulting pictures are below. 
 
Figure 13: A photo of the pure material from the electron scanning microscope, 
field of view 415 micrometers 
We can see the uniform structure of the non-doped material in Figure 13. There 
are no clusters, only the small crystals of the material. 
 
Figure 14: A photo of the pure material from the electron scanning microscope, 
field of view 41.5 micrometers 
Figure 14 shows the pure material in greater detail. We can see the orderly 
crystals which are clean without any cracks or impurities. 
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Figure 15: A photo of the scandium doped material from the electron scanning 
microscope, field of view 208 micrometers 
Scandium doped material in Figure 15 looks more like it were “filled” with some 
small particles. The structure is also uniform but it is different than the structure of 
the pure material. 
 
Figure 16: A photo of the scandium doped material from the electron scanning 
microscope, field of view 41.5 micrometers 
We can see crystals of the scandium doped material in greater detail in Figure 
16. There are visible small particles bonded on the bigger crystals. The crystals look 
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as if there were some impurities but that is caused by the annealing process of 
sample creation and the scandium itself. 
The structure of the crystals is in accordance with theoretical expectations. 
The smaller crystals are, the better it is for the material properties as the surface 
area of the material is then larger. It means there is bigger for reactions to take place 
and the currents drawn from the battery can be higher. 
5.3 Results from Energy-dispersive X-Ray spectroscopy analysis 
Energy-dispersive X-Ray spectroscopy (EDS) was used to figure out the real 
chemical composition of the samples. The results proved the samples to be properly 
synthesized. 
 
Figure 17: Results of the EDS analysis for the pure material 
Figure 17 is a chart with the characteristic spectral lines of the elements 
contained in the sample without scandium (LiNi0,5Mn1,5O4). There are no unexpected 
characteristic spectral lines. 
The composition of the sample in weight and Atomic percent is in Table 5-1. It 
corresponds with the chemical formula of the compound. 
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Table 5-1: Results of the EDS spectroscopy analysis for the pure material 
  Atom. Number wt [%] Atom [%] 
Oxygen 8 38.5 68.6 
Manganese 25 46.06 23.9 
Nickel 28 15.44 7.5 
 
We can see the characteristic spectral lines of the scandium doped sample 
(LiSc0,05Ni0,45Mn1,5O4) in Figure 18. There are only the expected elements in the 
measured sample. 
 
Figure 18: Results of the EDS analysis for the scandium doped material 
The respective percentages of contained elements are in Table 5-2. The amounts 
of elements are in accordance with the chemical formula of the compound. 
Table 5-2: Results of the EDS spectroscopy analysis for the scandium doped 
material 
Scandium Atom. Number wt [%] Atom [%] 
Oxygen 8 34.51 64.61 
Manganese 25 50.13 27.33 
Nickel 28 13.95 7.12 
Scandium 21 1.4 0.93 
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5.4 Cyclic voltammetry measurements 
The first measurement was the cyclic voltammetry at 1 mV/s. Then the scan rate 
was lowered to 0.5 mV/s. Both the materials showed similar shaped resulting curves. 
 
Figure 19: The dependence of current on voltage - cyclic voltammetry measured at 
1 mV/s for both LiNi0,5Mn1,5O4 and LiSc0,05Ni0,45Mn1,5O4 materials 
The chart in Figure 19 shows the voltammogram for both samples. We can see 
that the pure material is more electrochemically active (the current peaks are higher 
in both directions). It could mean the performance of the material will be higher 
during galvanostatic tests. There are smaller subpeaks around3.7 to 4.1 Volt. These 
peaks correspond with the voltage drop at this voltage during galvanostatic cycling. 
The biggest peaks are then equivalent to the big changes of voltage during 
discharging. The first one at the beginning and then the drop around 4.6 V. The 
results of the galvanostatic cycling can be found in chapter 5.5. 
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Figure 20: The dependence of current on voltage - cyclic voltammetry measured at 
0.5 mV/s for both the LiNi0,5Mn1,5O4 and LiSc0,05Ni0,45Mn1,5O4 materials 
Cyclic voltammetry at 0.5 mV/s is shown in Figure 20. Here the peaks and 
subpeaks are better visible although the currents are not as high as for the higher 
scan rate. These peaks correspond with the results from galvanostatic cycling. The 
small subpeaks at 4.7 Volt represent the changes during discharging at the relatively 
stable discharge plateau. Other peaks are similar as those described before for Figure 
19. 
 
5.5 Galvanostatic cycling 
The galvanostatic measurement was started by two cycles by 1 C charge and 
discharge theoretical current based on the weight of the sample and the theoretical 
capacity of the material. The real capacity of the sample was determined after these 
two first cycles. Then there were twenty cycles at 0.5 C charge/discharge current. The 
current was consequently increased to 1 C for five cycles. The next step was 
increasing the currents to 2 C for another five cycles. The highest current used was 5C 
(charge/discharge) – also for five cycles. The currents were then decreased again in 
the reverse order – first to 2 C for five cycles, then to 1 C for five cycles and finally to 
0.5 C for ten cycles. The figures shown here are from the cycling after determining 
the real capacity. 
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Figure 21: The dependence of voltage on discharged capacity 
We can see the first cycles for both materials in Figure 21. The non-doped 
sample is significantly better from approximately 60 mAh/g. Scandium doped sample 
is only better at the beginning of discharging when the voltage is slightly higher. Also 
the plateau at 4 V is visible here, that is the usual nominal voltage of lithium cells. 
 
Figure 22: The dependence of discharged capacity on the number of cycles 
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The difference between doped and non-doped materials is clearly visible in 
Figure 22. This chart shows the discharged capacities throughout all the galvanostatic 
measurements. The capacity of the non-doped sample is higher at all stages and  
C-rates. The drops of capacity after increasing the current are lower for the pure 
material as well. The capacity during the first cycle at 0.5 C was 115 mAh/g for the 
pure sample and 97 mAh/g for the scandium doped sample. The capacity of the pure 
sample is relatively stable during all 20 cycles at 0.5 C (decrease to 113 mAh/g); the 
capacity of scandium doped sample decreased from the initial value to 93 mAh/g at 
the end of 0.5 C cycling. After increasing the load to 1 C, the capacity of the pure 
sample decreased to 107 mAh/g and remained unchanged throughout this stage. The 
capacity of the scandium doped sample decreased to a stable value of 85 mAh/g. In 
the next step, the load was 2 C and the capacity of the pure sample was around 101 
mAh/g. At the same load, the capacity of the scandium doped sample was around 78 
mAh/g. The highest load, 5 C, brought the most significant drop of capacity. The 
capacity of the pure sample was 83 mAh/g at the beginning and 86 mAh/g at the end 
of this stage. It was 56 and 57 mAh/g for the scandium doped sample. Then the load 
was gradually decreased, first to 2 C (101 for pure and 77 mAh/g for scandium doped 
sample). Then five cycles at 1C were carried out (106 and 83 mAh/g).And the final 
stage was another 10 cycles at 0.5 C. The pure sample reached the capacity of 
106 mAh/g while the scandium doped sample showed a gradual decrease from 88 to 
85 mAh/g. The drop throughout the complete cycling was from 115 to 106 mAh/g for 
the pure sample and from 97 to 85 mAh/g for the scandium doped one. It represents 
a drop of 8 % for the pure sample and 9 % for the scandium doped sample. 
 
Figure 23: The dependence of voltage on discharged capacity for various loads for 
the non-doped material 
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Figure 24: The dependence of voltage on discharged capacity for various loads for 
the scandium doped material 
Figure 23 and Figure 24 show always the first cycle at each load. Repeated cycles 
are those which were done after the highest load (5 C) cycling. While the non-doped 
material always reached at least 100 mAh/g except for the highest load, the 
scandium doped material did not reach this value at the lowest C-rate and the results 
for higher loads were only worse. It is visible that the discharge plateau of the pure 
sample is more stable – it retains higher voltage for longer time. 
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5.6 Electrochemical impedance spectroscopy 
Electrochemical impedance spectroscopy (EIS) was used to determine the 
resistance of the measured samples. Measurements were done before the first cycle 
at 0.5 C and then after the last cycle at 5 C. 
 
Figure 25: The dependence of the real part of the samples impedance on the 
imaginary part 
Figure 25 illustrates that the resistance of scandium doped sample was much 
lower in the beginning but, on the other hand the value after completing the cycling 
at 5 C was much worse than the results of the pure material. The non-doped material 
showed better stability of values and, in addition, the value of the resistance at the 
end of 5 C cycling was lower than the value before 0.5 C cycling.  
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6. Conclusion 
In the introductory part, this bachelor´s thesis deals with accumulators in 
general and then with lithium-ion cells in particular. Nowadays, the trend is to make 
technologies more “green” but also more comfortable for the users, and thus there is 
a demand for more electrically powered devices and even vehicles. The consequence 
of this demand is the need for new accumulators with high power, small size and low 
weight. These properties can be achieved by using new materials in lithium based 
accumulators. A theoretical introduction of the function of high voltage lithium 
accumulators and some basic characteristics of used materials are contained in the 
theoretical part of this work. 
Measuring methods and equipment used in the experimental part are then 
introduced in the fourth chapter. Chapter five contains descriptions of the sample 
preparation, experiments and their results. Various methods were used for the 
measurements of electrochemical properties of the samples. 
The results from the experimental part show that the material doped with 
scandium is not the best material for doping the basic cathode materials used in high 
voltage lithium-based materials. It can be seen from the charts that the capacity of 
scandium doped samples is high in the beginning but it decreases quickly during 
cycling. Also Results from cyclic voltammetry show not very good results for the 
doped sample. Pictures from the electron microscope show that the structure is 
crystalline. The basic (non-doped) material is after a few cycles better than the doped 
material. 
The findings from the measurements lead to the conclusion that further work 
should probably be focused on other materials which can be used to improve 
properties of lithium batteries better. There are more possibilities of using elements 
for doping the basic material, e.g. vanadium. Also some new combinations of 
electrolytes could lead to better results even with the basic material. 
In spite of the fact that the taken measurements did not provide positive results, 
it was important to try described materials and make the corresponding 
measurements. 
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